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SIPHLRY L

An equation with which it is possible to correlate the cocling
charecteristics of an engirve has previcusly been develoned. The ‘
validity of this eqretion is herein checied oy the correlaticn of
data over a wide range of engine and cooling corditions from single-
cvlinder laboratorv tasts of a cvlinder of a Fratt & "hitney R-2300-21
engine. The data from the leboratory tests of this cylinder mcuntted
on a sinple-cylinder test vnit ars compared with thosz from wilad-
tinnel tests of a Pratt & "hitney R 2ﬁfc~27 multicylinder engine and
a method is presented by +vhich the pressure drop reduired for cooling
the mylticylinder e~gine vas predicted, with little =rror, by means
of th=z cooling ~yretion for the siagle-cyvliader engrine. Thase pre-—
Aictloas could te mede, howsver, only after estrblishing the relation-
shin betwsern the hottest rsor srert plug temperature cf the Iratt &
Thitney R-2800-27 ersine and the rear soierk-plug temeratirrs of the
sinyle—-cylinder tzst unit. Teta are zlsc nresented orn the adequacy
of the therral bond between the aluminum muff and tae stesl torrel
ol the cylinder from the Fratt { “hitaevy B-28CC-21 eagine.
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Ln eqgration hzg heen develoned with which it is nossi®nle to |
«oQ
>

nredict the scolire cherscteristics of aa ensine (reference 1). Ry

mea~s of the cooling =.ration, it is al)so possihle to compare the

cooling of vorions ergires. Tests have been meds on wany cylinders

to check the validity of the eguation (refersznces 1 to 3), bt the

date in some cascs were rather meager. ‘

The wse of a single-cylinder ergine for coolinc tests is advan~
tareous i that chaznges can be mede in a rinimom of time and the
cost involved in msekine chanres is only a fraction of that for a
multicvlinder engine. Single-cylinder ergines have, thersiore,
been nsed ertensively for cooling tests. Lt tames it is important |
tc know the cooling parformance of the multicylinder engine zad amuch

e RN T e e e s e e e m——— Sy A A et e . mt e — —pmmee - -



time can be saved if this performance can be predicted from single-
cylinder tests. A conparlson has heen made of the cooling perform-
ance of a 311~le—cy11nder engine with that of a multicylinder engine
(reference 2).

The ohject of the present report is to present tests on the
verformznce anpd cooling of an air-cooled cylinder, from a Pratt &
Whitney R-230C-21 engine, mounted on a single-cylinder test base.

The tests were run over a wide range of conditions to check further
the correctness of the cocling equetion. This cylinder had a
machined alumimm-finned muff shrunk on the steel barrel, a type of
construction similar to that tested with elecurzcallv hedted coils,
Another object of this report is to pressat reswlts on the adequacy
of the thermal “ond between the muff and the steel barrel of this
cylinder. The resvlts of the single-cylinder-engine tests are com-
pared with the cooling of a Pratt & Whitney ¥ 7-2800- -27 engine that
was tested in a wind tvnnel (reference i}, This comparison was pos-
sible becavse the cooling~surface areas of the cylinders of both
engines were the same. ;

The coolint requirements ofi the multicylinder engine were
obtained from the single-cylindsr-engine cooling equation and from
the correlastion factor thet was’estebliched between the single-
cylvrdpr and the multicylinder Feots for several power ratings and
firel-air ratios for ses—level pressure and teuperature.

¢

This work was conducted et ithe Langley llemorial Aeronsutical
Laboratory, Langley Field, Va., duriag 19h1.
ANfLYSIS
An equation was developed ln reference 1 by which the averare
temperatiure over the head and bprrel of an engine cylinder could be

caloulzted. The eguation for bqe herd, in the notation of the
present paper is:

Ty, - by Ba I
h 3.:[ al (1)

wnere

Ty average temperature over cylinder-heazd surface when heat equi-
librium is attaiased, oF

tg temperzture of cooling air at face of engine, °F

i
)
r




Tg mean effective gas temperature, °p

B constant

ay internal-surface area of head of cylinder, square inches

I indicated horsepower for each cylinder

n! constant

K constant

aq outside-wall area of cylinder head, square inches, (does not

include rocksr-box surfaces)

Lp pressuce drov across cylinder, inches of water, (includes loss
out of exit of bvaffle) :

ol average density of ccoling air entering and leaving fins,
(pound)(second)2/1"0th,)‘l

P&o density of air at 29.92 inches of mercury and 60° F,
(pound)(second)z/footh, 0.002L45

m constant

It was also shown in reference 1 that

¥ = Ky ( Ap?/%O)Z (2)

where

bl weight of cooling air flowing over head of cylinder,
pounds/second

Ky, 2z  constants

A complete set of symobols for all =quations used in this report
is given in the appendix.

EBquations similar to equations (1) and (2) can be written for
the cylinder barrel.

As the inlet density is decreased or the guantity of heatl is
increased, the pressure drop across a resistance will increasz for
a given weight of air flowing across the resistance. This increase
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is due to increased acceleration and friction losses .caused by
greater changes in velocity of the air throuph the resistance. An
attempt has been made in equation (1) to-comnensate for such changes
in density or heat output by using zn average density based on the
cbamperatures and pressurss of the cooling air in front of and Lehind
the cylinders. Tests for limited ranges of hesat output and density
have shown thet, by using an average density in equation (1), cor-
rcet values of pressurs drop will be obtained from the equation.

The guantitative effect of decresasing the inlet density or of appre-
cianly increasing the hcat output on £p across an engine cylinder
is not known and tests are neceded tc establish these relations.
Attempts have been made (references 5 and 6) to estimate the pressure-
drop requirements of air-cooled engines at high altitudss by simple
theoriss involving the acceleration and friction losses. The veloc-
ity betwesn fins may be larse enough at high altitudes to causc com-
pressibility shock to develop for which no corraection to ssa-lcvel
pressure ¢rops has becn meds to date.

Pscause of the limitadtion involved in astimating tomperatures
of engines at high zltitude from an eyvation of the form of equa-
tion (1) obtalnﬁd at sea lovel, the data of the prosent report are
prescnted in the form of an ecuat;on that is & combination of equa-
tions (1) and (2). Thus,

n!
al I

Ty -ty B
Ta

Ty - Tp,

(2)

!

Except for a small crror duc to the change of v130051tv of the air
with altitvde, eguation (3) is appliczbl:c at all altltudes.

For a gﬂven crlinder, tests can be wede in the laboratory by

methods given in reference 1 to obtain the velues of E, m', B,
'g’ and n'. From the cylinder itself, a5 and ‘al can be
obtained. The methods of obtaining 2, and a; for conventional

cylinders are given in roference 1, ‘hen an aluminum muff is used
on & cylinder barrel, a, -is the outside-svrface area of the muff
covered by the fins. Tne value of t; to be used in equation (1)
and of p;, inlet density at the face of the cylinder, to determine
p in equation (2) for the single~cylinder engine will be based on
nmeasured valves of static pressure and temperature at the front of
the cylinder.

The data of the coollrg tests on the Pratt & Whitney R-2f0C-27
engine given in reference li were oresented in an equation o?’the
fellowing form: ’
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- lr . n/m l
o=t K]
T_P,___..Té =C !?__(:'_.____i (L)
g~ * Idppi/péol
wihere
Tp average temperature at rear spark plugs of cylinders, °F,
(obtained with thermocouples embedded in spark-plug boss)
ta temnerature of sir at face of engine, °F
G censtant
Ve weight of combustion air to enginz, pounds/second
n constant
my constant
Ap pressure drop across engine, inches of water, (includes lcss
out of exit cf baffles)
Py density of air at front of sngine, (pound)(second)e/footh

Pgy density of air at 27.92 inches of mercury and 50° F,
(pound)(second)z/footh

Ty mean effective gas temperature, °F

The data in reference L ware also pressntad in the form

vhere
02 censtant
ml' constant

W weight of cooling 2ir passing over engine, pounds/second
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The quantity T, is a function of fuel-air ratio, inlet manifold
temperature, and spaPk timing. In the conventionzl multicylinder
engine the true inlet manifold temperature is indefinite and dif-
ficult to measure hecauss an unknown amount of fuvel is vaporized in
the carburetecr and hlower., In referaence b, the expedient was adopted
of nsing, instea” of truec manifold tenperature, a dry effective mani-
fold temperature %, definsd as the sum of the carburetor-air temper-
atvre and the rise in air temperavare in passing through the primary
supercharger evaluvated on the assumption that no vaporization of the
fuel occurs. The following approximation for t, was used

7,2 5
bp = tc *+ éé%j (6) 5
vhere :
te carburetor inlet-air temperaturs, OF
Uy tip speed of primary blower, feet/second
g acceleration of gre:vity, feeﬁ/(second)2, 22.2
Cp specific heat of air at constant vressure, Btu/(pound)(°F),
; 0.2L
dJd mechanical equivalent of heat, foot—pounds/Btu, 778

The blower tip speed 13 car be given in terms of the engine speed,
the impeller diameter, and the impeller-gear ratio. The following
formuls was used for the effect of veriation of 1, on Tg:

ATg = 0.6 pty (7) ‘

This equztion was obtainead from resvlis given in reference 2. The
effect cf fuel-zir ratio on the gas temperature was obtained from
test dsta. The effect of spark advance was not reguired becavse
all the tests were run at the same setting. “hen such methods were
used to determine T_, the date of reference ) conformed very well
to the values predicted by either eguation (L) or (5).

The datz of the rresent report are also presented in the forms
of equations (L) and (5) for direct comparison between multicylinder-—
engine and single-cylinder—-engine cooling. In the single-cylinder-

engine equation T, 1is the rear spark-plug temperature cbtained




wifh a gfashet-type thermocovple. Tn the sincle-cvlinder-engine
equation T, was obtzined by multinlying the quanbitr of chirpe air
used v 18, "and Yy was obtalined by multiplyins the sum of weightis
of cocling air paﬂoﬂ'g over the head and the barrel of the cylinder
sy 18. The Tratt & thitney R-2000-27 engine has 18 cylinders and
such czlculations wc»ulrq nut the single-cylinder ena ﬂultlcyllndcr
resrlts on the ssme hasis.

Estimstes of zoolino-rresesure-crop requirsuents for the Pratt &
bhitney R-280C(-27 engine are made from the sincle-cylinder-engine
ecuation of the form of equation (M) a2nd Ffrom the relation hetwesn
the siny le-cylinder-ensine and the multicylinder-engine cooling,
Recause of the fact thet p, was used in equation (4), the eawaticn
is arpliceble only to & limiied e2ltitude rance. 11 estimetes are
therefore rertrlhfuu to sea-level requirerents, whers Army 2ir tem-
perztvre of 106° T and standard sca-level pressure of 29.92 inches

of mercury are used for the atmospheric conditiors. The first esti-
metes are made b substitting these values of temverature and ores—
sure in the coolli=qg eqgration. The values of p; and t in the

5

equation should be for conditions of vressure aad ie W'Pratﬂ”e that
erigt ot the ensine face &5 given in the definiti on £ these symbol
It low Elryldﬁu snecds Py end w311 ta 2bhept the same as in

the free air strean. [t high speeds, howevsr, the tem;e ature and
rressvre will ke greeter &1 ths enrine face than in the free sitrezn
tecrvaz the air slovg dor as it pssses into the coviling Thais

slowing: dovm vill ezvss a corpression of ths zir -with llttle loas of
prescurs if the cowling ernirance is well made. It is wsvally
aooumed thet no loss of total nressvre from the free siream to the

engine face ocours znd that the eir has practicsliy no veleoecatr in
Tront of the encins. The nressure at thio engine lacs 1z then egnal
to the stabic oresorre in the fres strecar nlas tha velocuty pressvre
in the free strzem Tha compression is assumed to be adisbatic znd
tne terpernture at t 2 engine face is calculatzd by use of th
2diabatic comrressicn exponent. The prossurs and the terperzture
at th: cenvine face sre then

1 2 .
Py =Pyt 9 =Pyt 50, g (o)
snAd
- 0.237 .
PN 7
i = To (5;/ (3)

vhore
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do AQynamic preasure of air in free air strean

Py Dpressure at face of engine

Po Sstatic pressure in free air gtream

T; temperature at face of engine, OF absolute

Ty, temperature of air in free alr stream, OF absolute
Vo velocity of airplane

Po dengity of air in free air streanm

In the calculation of the pressure at the engine face, two factors -
the factor of compregsibility and the inlet-duct pressure logss - are
omitted for the sake of simplicity., Inasmuch as the factor of com-~
pressibility is a positive correction and the inlet-duct-pressure
logs is a negative one, the two corrections approximately cancel each
other for the values given in this report,

The estimates of cooling~-pressure-drop requirements for atmos-
pheric pressure and temperature can be corrected for pressure and
temperature at the engine face by means of the equation

1

my

T /T, - t\\
Po-if’p~ %
Pi To \Tp - ¥,

~a e

Ape = Ap (10)

vhere %5, Tp, and ty are in °F and Ty and T, are in °F abso-
lute. The cooling-pressure-drop requirements based on 100° F and
29.92 inches of mercury are corrected by means of equation (10) for
assumed values of airplane speed. The values of Tg to be used in
the equation when estimates of cooling-pressure drop are made are
obtained in the same ranner as in reference 4 and as previously
explained in this papsr,

With fast-climbing airplanes, the temperatures of the cylinders
do not reach equilibrium wntil some time after take-off, The
cooling-pressure drop required is therefore lower than if equilibrium
temperabtures are reached. In ordsr to determine this pressure drop,
the cooling equations of the forms of equations (1) and (4) would
have to be revised by methods given in reference 3 and would be vexry
complex. The cooling-pressure drops are therefore estimated in this
report for climb conditions from equations establighed for heat-
equilibrium conditions, The egtimated cooling-pressure drops are
therefore gomewhat greater than il the more complex equations for
conditions of no heat equilibrium were used.
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hPPADATT'S

Th: cylindor from the Pratt & "Thitn.y R-2800-21 cnginc was
mornt 4 for testing on 2 sinsli-cylind r test unit, as shovm in fig-~
e
)

urs L, The borz a2nd the strolz wore ﬁr and & inches, respectively,
‘ . 1 . .

and ar- th. sam. s the horz and th: stroke of the rvlticylindsr

caFing, Th: compression ratio usced ia

the tushs was 6.7, #hizh is
also the same as in thz malticylinder rqinc. Th. cams uszd in the
tests grve 2 velve timing that weas a »roximat.ly the same as in the

Frott & Thitnsy R~230C-21 spgin:, nam.ly,

Tntal L oopens, 02prses RaTale v 0 v v v 6 6 6 6 o 0 v o o o o v o 20
Tatak . closcs, derr.s LR 5
Sxhanet opans, duyr:.s B.R O 4o

5 .0
Tragnet clesce, AsrLis LT00 o 0 0 0 s 0w . 20

-
.
.
.
°
°
.
°

r|n

1 oylindor was sznelosid in 2 shaot-motal jeckgt conn.ctin to
a c.utrifupel blover tnet furnishcd iic cocling air, A disgram of
he Jackot is shovm in fagure 2. Theo jacl.i had a wide wrtrence
z.ction to provide a low air valociiy in froat of the cylind:r; tho

rear aaslf of the jasvet Littzd clesclw acainst ths Tins in ordor

1t the a2ir mipght o offzetivily vsod. The arce of the xit of
the Jaclet vas 1.6 Limus thoe froo-Ileow er.a botweoen the fins. 4
partition wes Llocat.ud in the »it dret of the jsck & in ordir to
s.rarestho tu, e thel rlovred cver the miad lrom the air tnat flowcd
ov.r lia. barrsl,

In soms tosts befflc nlaf;s v.r2 placczd dia fro-t of the cylindor,
as shown in fipur- 2, in d v b chaac:, th. dircectlon of the air
stroam. Tho uvs. of snch d.vicys hes, 1n th: pest, rosvited in
mal ing th. cooling o0 tha t;st cvlinder morz like thet in flipght
Thus, the coolinr, 1w the l=borzstory was a clos.r aporcach to the
conling cncounb._red in flicht vhon this turbul ince dovice was us.d.

Conling air wes forrishod by o ceatrifupel blewir comnzetod to
the cylirder jacot by an air dast. Th. air gnantitv wes mo aourud
with thir-platc osrific.s in th. -nds of an orific. tanit that was
connct.d to the ianlit of the blowrr.

4 "Mash Blow .r n.as uand to orovid. inl-t manifold nrossur.s avove

simrspheric pressure. A suree tenk wes installed in the inlet
gystam abhove the eongire 1o reduce pnlsotlions, The erzinc vownr Was
abeorked by an interconnested water brale and an electric dyramometer,
and the torque was mezsured hy dizl sceles, Standard test-engine
equinment was used in mezsuvring engine oneed and fuel consumption.

-3

(Sce fig. 1.)




T T Tt et e R A
e e bt e i om ) e A e AN e

10

Iron-constantan thermocouples and a potentiometer were used for
mzasvring the cylinder temperatures. The thermocouples were made
of wire of 0.016-inch diameter, enameled and silk-covered. The
temperatures were measurad at 22 points on the head, 2 points on the
flange, and 20 points on the barrel, as shown in figure %. The
22 thermocouples on the head and 10 of the thermocouples on the bar-
rel were peened into the aluminum as showm in figure L. The other
10 thermocouples on the barrel were placed on the steel through holes
drilled through the aluminum muff. Hard-rubber plugs were placed
in the holes as shown in figure li and the metal at the top of the
hole was peened around the plug to hold it in place. TWhenever a
thermocouple was placed on the steel, another was placed on the alu-
ninum muff as close as possible to the first thermocouple. The
thermocouples on the muff are shown by the designation (A7) in fig-
ure 3.

The temperatures of the cooling air passing over the cylinder
barrel and the cylinder head were measured separately. The vooling-
air temperatures were measured at the inlet of the jacket near the
cylinder by two multiple thermocouples consisting of two thermo-
couples comnnected in series and at the outlet of the jacke® by two
multiple thermocouples consisting of four thermocouples connected
in series. Cold junctions of all thermocouples were located in an
insulated box. The cold-junction temperatures, the air temperatures
at the thin-plate orifices, and the air temperatures in the surge
tank above the carburetor were measured with liquid-in-glass ther-
mometers.

The pressure drop across the cylinder was measured by a static
ring located around the air duct zhead of the engine cylinder, where
the velocity pressure vas negligible. The pressure drop across the
cylinder with the baffle.plates placed in the jacket entrance
(fig. 2) was obtained with total-head tubes placed between the fins
of the barrel and the head near the front of the cylinder. The
locations of the static ring and the total-head tubes are shown in
figure 2. The static ring and the total-head tubes were connected
to water manometers, An alcohol-filled micromanometer was used t9
measure the pressure in the orifice tank, and a mercury manometer
was used to measure the engine-inlet pressure in thes surge tank above
the carburetor.

The quantiby of engine combustion air was measured with a thin-~
plate orifice in conjunction with a2 multiple manometer that indicated
both the total pressure upstream of the orifice in inches of mercury .
and the pressure drop across the orifice in inches of water. Fuel-
air ratios were calculated from the measurements of air and fuel
consumption.
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METICTS A'™D TESTS
Tngine Cooling

Tagts were conducted 1o determine the cooling and the power
characteristics of the cylinder to be used in predicting perform-
ance as limited by cooling. Calibrastion tests were made to deter-
nine the weight of zir flowing over the hesd and berrel of the cyl-
inder per unit time as ¢ function of the pressure drop across the
cylinder. The constants in cqueticns for the barrel and head of
the form of equation (2) are obtained from these tests. The cali-
bration curves are shown in figure 5.  Thesc curves are spplicable
fer the jacket both with and withouvt the baffle plates, The con-
ductance of the baffles caleulatzd in the conventicnal manner is
0.090%, based on the frontsl arca of the 28C0 engine.

Tests cf the cvlinder were conductod to determine the censtants
in equation (1) and in a similar equation for the cylinder barrel by
methods fally described in reference 1. These tests were made both
with the Jacket of wide entrance and with the jackel having bafile
plates in the entrancs, From these tests, the cooling characteriz-—
tics of the cylinder with turbulence at the jackast entrance can be
compared withh the cooling cheractzristics without turbulence atv the
Jecket entrance., Likewise [rom thess tests, the cooling character-
istics of the cylinder can be compared with those of other cylinders.

CL

The valve of T, %o be used in equation (1) depernds on the fuel-
air rotio, the sp~r1 setiing, the intake manifold temperature, the
comprescion ratio, and the erhaust rressure being usced. The efLec-
tive gos temnrrzturs has heen found tﬁ vary with gll of thess factors
evcept the compression ratic, for which no tests have beon ale +n
date (references 1 arnd 2). Tzsts were made on thz pressnt cy
to cztormine the values of T for varions fuel-air ratios only by
the mothods given in references 1 and 2, and these valuzs were used
in the estimation of cooling~pressure drops. The veristion of Ty
with spark setting ard exbaust rrossure weuld be small fer the range
of conditions covered by these nerfermance-rradiction calculations.
Tests werz also made over a8 wide range of engine and coo
conditions to determin: the temperature distribvotion over the
and to establish the validity of th< cocling ~quations, These con-
ditions will be given in detail later in the paper.

Engine Terformance

Tests were conducted at wide—open throttle with a meximum-power
mixture over a range of spe.ds from approximetely 1600 te 26C0 rpm,
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In addition, tests were made at wide-open throttle and at 2100 rpm

to determine the variation of power and specific fuel consumption

for a range of fuel~air ratios. From these speed and fuel-air-
ratio tests, the values of fuel-air ratio for maximum-power, maximum-
economy, and full-rich mixtures were obtained.

A series of tests was made at wide-open throttle, at maximum-
power mixture, and at 2100 rpm for a range of manifold pressures from
approximately 29 to L9 inches of mercury absolute. The object of
these tests was to determine the cooling of the cylinder near its
rated power output.

A spark setting of 20° B.T.C. and gasoline conforming to Army
Specification Wo. 2-92, grade 100 (100-octane number, Army method)
were used for all the tests. The engine horsepcwers given in this
paper are all observed values. The friction horsepowers were deter-
mined by motoring the engine at the inlet pressures and speeds used
in the power runs. The methods of computing the results are fully
described in references 1, 2, and 7.

RESULTS AND DISCUSSION
Engine Cooling

Cocling equations for cylinder ‘of Pratt & Whitney R-2800-21
engine, ~ From the test data, constants were obtained to insert in
equations for the cylinder head and the barrel with and without
baffle plates in the jackelt entrance. For the case of the jacket
without baffle plates, the equations are

T - t, 0.0499 aj 10°6F

(Kead) = (11)
Te - Tn 1.8 a, wO0-®
Ty, - t, 0.0152 aj 10-8L
(Rarrel) 22 = 52 & (12)
Tg - lb 2.87 ao wO.él].
The equations with baffle plates in the Jacket entrance are
- 0,61
(Head) :h Y 207 a1.; 5 (13)
g " 'h 1.86 ag W '™
T, -4, 0.0152 a, 10-81 :
(Barrel) 22 = 1 (1)

Te =Ty 3.0 a, wO-O0
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on the average temperature

The equritions for the barrel ar
e iner.

of the 10 thermocouples oa th

=

& 3
steel

The areas of the cylinder ar~ as follows:

Head Rarrel
Effective internal-wall area ay, square incies 78.4 8.5
Effective external-wall arsa a,, square inches 1L5.0 72.2

The ontside-wall heat—transfer ccafficient U may be obtained
from the equation in reference 1 -

— m! '
U= T : (15)
Llso
H -
R T e

where H 1is the heat transferred from crlinder wall to cocling air,
Rtu/hour. The methed of calculating H 1is given in references 1
and 2. If U is obtainad frow eguation (18) and plotted against
W, the values of ¥ and m' cehi be obhained,

The values of ¥ and m' 'in equetions (13) and (1h) were deter-
mined in this manner and ths values of ¥ and m! in equations (11)
and (12) were chieckad hy this mrthed., The curves of U plotied
against W are chovm in figure 6. Trom these curves the velues of

K and m! fcr the case of no baffle plates are
Head  Barrel

Koo 1.k 2.87
m! ) .69 an

vhich are close to the values in egvstions (11) snd (12). The baf-
fle plates increaszd the values of U about 20 percent as compared
vith the cooling without baffles.

Equations (11), (12), (13), and (L) can be converted to the
form of equation (1) by substituting in these equations the relation
between W and 'Apg/péo given in figure 5,

Vsriation of Ty with fuel-zir ratio. — The resulits of the
tests Lo determine the variation of the effective gas tempercture
with fuel-air ratio are shown in figure 7. It has become general
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practice to reduce Tg to a dry intake manifold temperature of 80° F
(reference 4) by making use of equations (6) and (7). No super-
charger was used in the pregent tegts bebtween the carburetor and the
engine, and the temperature of the carburetor air was 83° F (fig. 7),
vhich is equivalent to the dry manifold temperature. Therefore,

Tg at 80° F will be equal to the results of figure 7 minus 0.8

(83 ~ 80)., This correction should result in the head curve of fig-
ure 7 passing through 1150° ¥ and the barrel curve through 600° F

at a fuel-air ratio of 0.08, The temperatures of 1150° and 600° F
were used to establish the cooling equations of the engine from
tests at fuel-air ratios of approximasely (.08, Applying the tem-
perature corrections to figure 7 will not result in the curves
Passing through the temperature expected., The results of figure 7
were obtained from only one series of tests and, although the curves
did not pass through the values expected when corrected +to 80° ¥ dry
manifold temperature, the results were close enough for practical
purposes and no further tests were made. The values of ’I‘g of
figure 7 were used in determining correlation curves to be presented
without correction to 80°-F dry manifold temperature. The tests
made to determine the correlation curve were at dry manifold tem~
peratures in the range of the tests made to esgstablish figure 7.

When only one series of tests is mede to establish the varia-
tion of Tg with fuel-air ratio and the values of Tg are a little
different than expected at 0.08 fuel-air ratio and 80° F dry mani-
Told temperature, the curve should be presented in the following
mammer for greater accuracy of results: plot the ratio of values
of Tg obtained from the tests at any fuel-air ratio to the, Tg
obtaired at 0.08 fuel-air ratio against fuel-air ratio, Then use
the curve to find Tg at 80° F by multiplying these ratios by
the Tg used to establish the cooling eguations (in the present
case 11500 ¥ for the head and 600° ¥ for the barrel).

General correlation curve, - The cooling of a cylinder or

™, - &
engine can be determined by means of the indices Egi——T% and
Ty - T g -
TE“—Tf% (reference 2). The lower the value of the indices for
g -

given engine and cooling conditions the better the cooling of the
cylinder. From egquation (3) it can be seen that, if such indices

\n!

are plotted against LIZ%%F_ in which I is the power output and
i

v 1is the displacement of the cylinder or engine, on paper having

logarithmic ordinate and abscissa scales, straight lines with a
slope of unity should be obtained. All data ghould fall on the
same line regardlegs of engine and cooling conditions if the correct
Tg is used in the cooling indices, Such lines are proof of the

validity of the cooling equation.
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Tests were made for a large range of engine and cooling condi-
tions, as shown in the table of figure 8, and calculations of the
foregoing parameters were made, The results are plotted in fig-
ure 8. Firom equation (3) it can be shown that the valuve of the

= 1
nt Baj v¢
cooling index when iELXl__ =1 ghould be ——t——, From the

W' K ap

present cylinder v = 155,9 cubic inches. When the values of B
and X for equations {11) and (12), a3, ao, n', and v are sub-
stituted in this formula, the value of the head index is 0,396 and
the barrel index 0.377. A 45° line drawn through the points for
the head and another through the points for the barrel intersect
the cooling indices at 0,396 and (0.389, respectively. The line
through the head points does not guite fit some of the points, but
tlie difference in head temperature becween the points and the line
(x/v)™

H

T.
1)

is not very great. The intercept at = 1 for the barrel
is 2 little higher tran the calculated intercept but the difference
is very small. In general, the points for the barrel fall very
nea: the line excent for a few at the upper end of the curve, From
these data the applicahion of the cooling equation for a wide range
of engine end cooling conditions is verified.

Temperature distritubtion over cylinder, - In reference 2 equa-
tions were developed in vhic:t temperatures at individual points on
the cylinder were set up as functions of the engine and cooling con-
ditions. To determine temperatures abt individuwal points by such
eguations is rather tedious and, if some simple relations between the
average cylinder temporatures and pertinent individual temperatures
could bo obtained, only the equations for the average temperatures
and these simple relaticng would be needed to determine the individuwal
temperatures.

Various individual cylinder tempcratures have been plotted in
figure 9 against either the average head or the average barrel temper-
aturc, depending upon the location of the thermocouple whosc tompera-
turc 1s being plotted., The various kinds of symbols used to plob
the test results indicate a wide range of cooling and engine condi-
tions, as shown in the table in figurc 9. No trend of individual
temperature with variation of cooling or engine conditions for a
glven average head or barrel temperature could be noted, and faired
curves have been drawn through all the test points for each location.
These curves show that the temperatures at individual points on the
cylinder harrel remained approximatel]” constant for a given average
baricl temperature; the same condition was true of individuval tom~
peratures on the cylinder head for a given average head temperature,
rogardless of cngine and cooling conditions. An analysis of the
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cocling equations for the head and the barrel of the cylinder and the
curve of average head temperature ageinst reer spark-nlug temperature
will show thet, for z ziven rear spark-plug temderatvre, although

Tj, is constant for any enginec and cocling condition, T, will not
remain constant as esngine and cooling conditions are varied. The
only case in which T, will remain constant, when the rear spark-plug
temperature is constant tut the cooling and engine conditions are
varving, occurs when the values of m'! and n! eare the same in both
the head and the barrel equztions. From curves such as are shown

in figure ¢, thHe limiting valve of Ty to be used in equation (11)
for determlnlng the cooling pcrformance can be ohttained if the lim-
iting value of the rear sperk-plug temperature is known.

¥ost of the date in figure 9 are for the t2sts without baffle
plates. One curve is shown, however, for the tests with baifle
plates, namely, T, plotted against rear spark-plug temperature.
For the sazme value of T, the rear spark-plug temperature is much
hotter with baffle pletes than without baffle plates. Trom the
results of figurss 6 and 9 for the sam= weight of cooling air and
horsepower, the decrcase of rear spark-plug temperature is small. when
baffle plates are uszd as comparsd with the temperature when baffle
plates are not wsed. The baffle nlates, howsver, appreciabvly
decrezs;d the Ty for given cooling and engine conditions. (See
fig.

Plotted in figures 9 arz the average bsrrcl temperatures based
on the temdsratures of the aluminum mulf zpainst the averags barrel
temperatures T based on the stesl temperatures. 4 curve with a
slope of unity fits the data close¢ly, vhich shows that thc tempera-
ture drop from the steel to thc a]unlnvm meff is negligible or that
the thermal bond between the muff and the stecl is vary good for the
cylinder tested.

Comparison of multicylinder and singlo—cylinder engine cooling. —~
The rosvlits of the tests on the Pratt & WHhitney R-2800~27 enginc of
roferance b and the prosent tests plotied in the forms of equa—'
tions (L) and (5) are shown in figure 10. For the multicvlinder .
tests n/my wms equal to 1.76 and my was 0.22; { vas 1.1l
and n was 0.565. Plottrng the single-cylinder results in like
manner gives the same exponents, as showvn in figure 10. Points
are shown on the curves for the single-cylinder engine plotted in
the form of ecuation (i) but no points are shewn for the curves of
this engine plotted in the form of equation (5). The curves in the
form of equation (5) were obtained from the equations of the curves
in the form of equation (4) and from plots of W against Appi/Pgq-
The value of T, in the cooling index for the multicylinder-engine
curves is the average of the rear spark-plug temperatvres of all cyl-
inders, and the value of T, for the single-cylinder-engine curves
is the temperature of the rear spark plug.




17

The results show that the cooling of the engines is in better
agreement on a pressure-drop basig than on a weight-of-air basis.
Thie results of the tegtg with baffle plates on the single-cylinder-
engine setup were in betler agreement with the multicylinder results
tnan the results of the tests without baffle plates. For a value of

17.1.78
c

of 0,3, T, of 1150° F, and %, of 100° F, the difference

-A.E’pi/pgo g

between.Tp for the multicylinder engine and Tp for the single-

crlinder engine with baffle plates is 18° F. This difference is not
very great but, owing to the form of the cooling equation, a small
cliaiyze in Tp makes a large change in Ap. It is therefore essen-

tial to know the difference between multicylinder and single-cylin-
der cooling in order vhat predictions of Ap for multicylinder
engines from single-cylinder results will be in the range of cooling-
presgure drop required by multicylinder engines.

As brougnht out in Apparatus, standard baffles, such as were used
in reference 4, were not used in the single-cylinder tests. A spe-
cizl Jacket was used. This special jacket gave slightly better
cooling than for the multicylinder condition as indicated by the
curves in figure 10, Later single-cylinder tests with standard baf-
fles gave better cooling than either the mulbticylinder tests or the
single-~cylinder tests with the special Jjacket., From this resulbt it
follows that single-cylinder cooling with standard baffles will be
better than multicylinder-engine cooling. Once a relation has been
egtablished for one set of conditions petween multicylinder-engine
cooling and single~cylinder-engine cooling, however, further con-
ditions can be tested on the single-cylinder engine and engine
cooling can be predicted from the results.

In multicylinder-engine cooling, sufficient air must be passed
across the engine to cool the hottest cylinder even at the expense
of overcooling the other cylinders, In order to determine the pres-
sure drop required Ifor cooling tle engine, not only the relatvionsg
ghown in figure 10 but also the relation between the hottest rear
spark-plug temperature and the average rear spark-plug temperature
mus®h be known, This relation for some conditions for the Pratt &
Whitney R-2800-27 engine is shown in the curve of figure 9(b), which
wag obtained from reference 4, When the power of the engine was
increased, this curve changed somewhat, but it is an approximation
of what the hottest plug temperature will be for a2ll conditions.

In general, the hottest plug temperature was about 50° F higher
than the average of the rear spark-plug temperatures.

The mean effective gas temperature Ty was obtained in refer-

ence 4 for a dry manifold temperature of 80° F for various fuel-air
ratios. The method of obtaining Tg referred to a t, of 800 F
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has been given in the Analysis., The values are plotted in figure 11,
The values of T at 80° F for the single-cylinder engine are also
given in figure %l. The values for the single-cylinder engine were
obteined using an equation of the form of equation (4) and the same
factor to correct to 80° T as was ussd in the case of the multicyl-
inder tests, The agreement of the results is excellent above a
fuel-air ratio of 0.07 but below 0.07 the single-cylinder curve
" decreases more rapidly than the multicylinder-engine curve. It
would be expected that the curves would agree above 0.07, If Tg
‘was known for each cylinder of the multicylinder engine but only

the fuel-air ratio of the entire engine was known, a series of curves
of the ghape of the gingle-cylinder curve of figure 11 would be
obtained and would be displaced along the fuel-air ratio axis. It
can be sghown that an average of these displaced curves would be a
curve different below a fuel-air ratio of 0,07 than the single-
cylinder curve., The single-cylinder curve represents the true

curve for each cylinder of the multicylinder engine if all factors
of the cooling eguations for these cylinders were known.

Engine Performance
Effect of engine speed, - The results of the tests with wide-
 open throttle for varying engine speed are given in figure 12. All
" values of mean effective pressure and horsepower are observed
. readings. The manifold pressure was less than atmospheric, owing
to the drop througn the air-measuring system. For a given manifold
pressure and temperature, the brake and the indicated mean effective
_ pressures increased and then decreased with an increase of speed
within the range tested, The tests were made with a maximm-power
mixture, and the results show that the indicated fuel consumption
and the fuel-air ratio remained almost constant over the range of
speed tested.

. Bffect of fuel-air ratio. ~ The variations of powor, mean cffec-
tive pressure, and speciiic fuel consumption with fuel-air ratio at
“wide-open throttle and at an engine specd of 2100 rpm are shown in
figure 13. The power.remaing fairly constant for fucl-air ratios
from 0.075 to 0.09 but decreases below a fuel-air ratio of 0.07., A
fucl-air ratio of 0.07 will be taken as corresponding to the maximum-
econony mixture even though the minimm specific fucl consumption is
obtained with a fuel-air ratio of 0.065. The ratio used will bo
.0.07 instead of 0,085 because there is little differcnce in the spe-’
"cific fuel consimption with either ratio and the power is groater
with the higher ratio, A Ffuel-air ratio of 0.08 will be used to
denote the maximum-pover mixture. o :
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Effect of manifold pressure. — The variation of performancs
vith manifold pressure is skowm in figure 1. The indicated horse-
povrer varies linearly with manifold pressure and, for the greater
part of the range of manifold pressure, the indicated specific fuel
cousumption remains approximately constant. These data vrovided
valuss ncar the rated power output of the R~2800-21 encine that
could be used to extend the curves of figure 8.

Bstimated Cooling-Pressure-Drop Requirements

Determination of equivalent rear spark-plug temperature used
in ccoling equation for single-cylinder engine. ~ Before the cooling-—
pressura-drop determinations for varions cooling and engine conditions
are given, the relation teitween the hottest rear spark-plug temper-
ature of the multicylinder engine and the rear spark-plug temperature
of the single-cylinder ensine must be determined. The object of
determining this reletion is teo find what rear spark-plug temperature
muist be assumed in the cooling equation for the single~cylinder
engine in order that the cooling-pressure drop determined will be
that need2d to cool the mmlticylinder =ngine to some stated hottest-
pPlug temperature.

From fizure 10, the cocling equaticn of the single-cylinder
engine with baffle plates is '

Z
_— M 1.76]0:22
T L (17)
Tg - Tp - ]App 1/Pa
and for the multicylinder engine, is
. . 1.76)0:32
TP - ‘ba 0 [;'h | NC ( 8)
i = 0542 | 1
Te = Ty - !Fppi/ch

The relstion between the maximum rear spzrk-plvg temperature
and the average rear spark-plug tempersture for the multicylinder
engine chown in figure $(b) can be represented by the equation

T, - L8
Tp = —Toop (19)

e e . — e e - -—- e e e m e e e
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wvhere Ty, 1is the maximum rear spark-plug temperature, oF For the
same values of W, and 0pp;/p, in equations (17)and (18), the
relation between Thp and Tp for the single-cylinder engine becomes

0.L85 T (7, )8 o~
Lo 'g(\Thp 18 1.02133).+ 0.52t,(1.02 T,y + L) (20)
P " C.UEE (1, - kB -T1.C2t,)+ 0.5k2 (1.02 Ty-Typ + L8)

N\

Calculations of . T, for various values of Thp for several fuel-
air ratios and cooEing—air temperstures were made and the results
are shown in figure 15. The calcul:tions. were made on the assump-
tion that the dry manifold temperature was equal to the cooling-air
temperature, and T, was obtained from figure 11 for each fuel-air
ratio. Bquation (%O) applies only for a range of fuel-air ratio=
from 0.07 to 0.11 where the single-cylinder- and multicylinder-
engine T, values agree. Relow a fuel-air ratio of 0.07, a rela-

tion corrgsponding to equation (20) would have to be derived
involving Tg for both the single-cylinder and the multicylinder
engines.

Figure 15 shows that, for the range of fnel-air ratio: and
cooling~air temperature- chesen, there is little difference in T
for a given Ty, The air temperatures chosen are the Navy, Army,
and Civil. Aeronautics Authority standard sea-level temperatures.

The main chenge in the values of Tp of figure 15 will occur with
a change of inlet manifold tempersture, as when a supercharger is
used. There is apnroximately 75° F difference between the maximum
rear spark-plug temperature of the multicylinder engine and the rear
spark-plug tempersture of the single-cylinder engine in figure 15
for the same ccoling and engine conditions,’

Ceoling-vressure—drop reguirements. ~ Cooling-pressure—drop
requirements have been calculated from equation (17) for the fol-
lowing corditions cf the Pratt & Whitney R-28C0-27 engine:
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Condi-| Atmos—|atmos- | Slower- {Haximum| F/A Power | Altitude
ticn pheric|pheric | rim rear
pres— |temper—; tempera-|spark-
suire, jature, ture, plug
a ts by itemper-
(in.Hg| (°7) (0 ) 'aturp, ‘
dbo.) : T"lp
. (°F)
|
1 29.92 100 L;B. I 500 0.10]| Take-off | Sea level
2 29.92 | 100 L.B. | =00 .08} ———do—~~ Do.
2 29.92 100 T.R. ; BCO A1l ———do——— To.
L 29,92 | 100 | L.R. ! E50 .10{ ———do~—- Do.
"] 29.92 | 100 1 100 50O 10| =——do~-- |  Do.
€ 29.92 | 100 L.B. 1 LRO .08| Normal Do.
i rated

LR, refers to temperature at blower rim using low-blower gear ratio.

The engine would probably fail for condition 2 with present-day fuels
because of knock, but this condition was assumed to illustrate the
effect of furl-air ratio on ccoling~pressure drop.

The take—off power of the Praitt & Wnitney R-2800-27 engine is
2000 brake horsepower at 2700 rpm and the normal rated power is
1600 brake horsepower at 2L00 rpm. The friction horsepower of this
engine, teken from urpublished datz, in low blower at 2700 rpm is
298 and at 2L00 rpm is 294. Then

Take-off power = 2%98 indicated horsepower
Mormal rated power = 189 indicated horsepower

The blower-rim temperaturss were calculated from equation (6)
on the assumption that 1, equals t,. The blower-rim temperatures
are thus represerted by the dry manifold temperatures. The tip
speeds of the impszller were determined from the engine speed, from
the impeller diameter, which is 11 inches for this engine, and from
the impeller-gear ratio, which is 7.60:1 in low blower.

The values of T, were found from the fuel-air retios given in
the table &nd the values of tp wore calculated from figure 7 and
rqu: tion (7). The values of the rear spark-plug temperature to use
ir. the singla-cylinder cooling equation (17) in order to get equiv-
alert multicylinder cooling-pressure drops were calculated by means
of egnation (20)with the values of Thp and by given in the table
of conditions and the calculzted values of Tg.




The weights of charge air W, needed to develop takc-off.and
normal rated powers wers obtained from the curve of figvre 16, which
was dztermined from date of this remort. This curve checks closely
with & similar curve obtained from unpublished test data on the
malticylinder-engine air consumption. For the first calculations
of 4p, the cooling-air temperaturs in both squations (17) and (20)
vas assuaed to be atmospheric temperature and p; was calculated
from the atmospheric pressure and tempsrature.  The results of the
calculations are given in the following table:

Condi-| T | %, | 3y | Tg Ve 1 . Ap
tion |(oF) | (°F) | (°F) | (°F) |(1b/s2c) |[(1b)(sec)?/£tl]| (in. water)
1 118 | 100 | 262 [11CL} 3.85 0.0708 13.34
2 17 | 100 | 262 11296! 3.85% .0708 29.23
32 | L20 | 100 | 262 {1cohi 3.8% .0708 7.91
N Lhé6 | 100 { 262 {110 3.85 .0708 6.85
5 hoo | 100 | 100} 97h| 3.85 .0708 6.70
6 | 370 | 100 | 228 |1268] 3.0% : .0708 2,26

The pressure drop raquirad for cooling for conditicn 2 was
checked by using the multicylindsr-engine cooling equation (18) and
the relation between T, and Tpp for the multicylinder engine
given by equation (19).” The value of T, wss found from the fuel-
air ratio given and the previously calculated values of tm by use
of the multicylinder-engine curvas on figure 11 and equation (7).

The calculated #p was 29.L2 inches of water, which is & good check
of the 29.2%2 inches of water from the single-cylinder-engine cooling
equation. The fecregoing results show that multicylinder cooling-
pressure drops can be predicted with little error from single~
cylinder-engine cocling equations if the relation between T, of
the single-cylinder engine and T of the multicylinder engine is
knovm or can be estimated with fair accuracy.

Effect of adiabatic compression of the air at the engine face
on cooling-prassure drops. - Calculations of cooling-vpressure drops
for conditions 1 %5 6 given in the preceding table have been made by
using the pressure and temperature at the engins face, an assumed
airspead of 20C miles pcr hour for conditions 1 to &, and an assumed
airspeed of 350 miles mer hour for condition 6. The pressure and
the tempersturs at the enginc face were calculated from equations (8)
and (9) and the Pressure drop, from an equation of the form of
equation (10). The exponent m] of equation (18) and the relation
between Tp and Ty, given in equetion (19) were used in cqua-
tion (10). The values of Ap wused in eguation (10) were the values
given in the preceding table. The valuss of Ap, and Ap are
given ir the following table for comparison of the adiabatic compres—
sion effect:
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Condition tp tpe
1 12.3h 13.79
2 29.27 320,27
3 7.91 8.18
L 6.8% 7.02
| 6.70 6.93
é& 7h.26 79142

The results show that, for 200 milss per hour, using the atmos-
pheric nressure and tomporatur: in the cooling cquation instead of
ths nrassure and tomneraivr. at the cneine face resultad in only a
small difference in the estimated cooling-—prissurce drop.  For con-—
dition 6 at 3E0 miles par hour, how.ver, the diffcrence in the
cooling~pressurc drons was appreciable: 2h.26 inches of water by
using po and t, and 29.h2 inches of water by using p; and ty.
Calculetions for L0,000 fzet show thet the adiabatic comprcas1on
eftfest on Ap is much srallsr than the effect at sce lavel.

Comparison of 2p, for conditiors 1, 2, and 3 shows tus large
effect on cooling—preszure drop of M"leaning ouu" the mixture. For
a fuel-air rstic of V.11, a pressure drop of 8.18 inches of water
vas required to cocl take~off power at sea level; for 2 fuel-air
ratio of 0,10 and the othar conditions the same, 13.79 inches of
vater; and for a fuel-air ratio of C.08, 20.23 inches of water.

The effect of increaszing the allowable meximum rear spark-plug tem-
peratrre is shevm by compering Ap, for conditions 1 ard L.
Tmproving engines to such a point thnt thev could be safely operated
at resr spark-plug temperaturec of REO® F would, for the conditions
assumed, decrezse the cocling-rressure drop required from 13.79 inches
of watcr to 7.02 inches of vater or would approximetely halve the
original pressure drop. The effect of decreasing the intzke mani-
fold tempersture by vsing intercoolers, and therefore decreasing Tg,
is illustrated by conrditions 1 and 5. The cooling-pressure drop
roquirpd iz apain anrroximately halved - from 12,79 to 6.9% inches
of water.,

The lirge pressvre dreps required for cooling at even normal

ratad ;nvor at sea lsvel with economical fuel-air ratios are illus-
t eted by the %*9.12 inches of vmter required for conditicn 6. The
pres ure drops calculated are only those required across the engine

S
md do aol include ceowling-duct losses. It can be shown that, for
some coaditions of flipght, the pressure drop across & duct in a
moving stream can be zs much &s twice as great as the pressure drop
zeross The neater in the duct. The usval rprocedure at present for
cocling epgines under certain cornditions in which cooling-pressure
drops required are not svailahle is to enrich the mixture. The
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gffect of this enrichment on Apg; is shown in the calculations for
conditions 1, 2, and 3. It is thought that, at high altitudes
(approximately 10,000 ft), even the additional cooling provided by
enriching the mixture will be insufficient to cool engines whese ,
power outputs are greater than, but whose fins are the same as, those
of present~day engines. The greater power outputs will be possible
because of improved superchargers. Some research on the causes of
the poor temperature distribution from cylinder to cylinder of
present-day engines is needed. From figure 9(b) it was shown that
the average temperature of the rear spark plugs of the Fratt &
Whitney R—2800-27 engine was about 500 T lower than the maximum rear
spark-plug temperature. In order ©vo limit the hottest cylinder to
L450° F on the rear spark plug, enough air must be furnlshﬁd in order
that the ehgine as a whole is operating 2%t onlv about LOO® F on the
rear plugs. The improvement of the cooling of the one or two hot
cylinders could possibly result in decreases of cooling-pressure

drop required of the order of decrease of Ap, for conditions 1 and

L.

CONCLUSION3

For the range of conditions and for the engines tested in this
investigation the following conclusions can be drawn:

1. &n equeation to determine the cooling characteristics of air-
cooled engines was proved valid for a cylinder from a Pratt &
Whitney R-2800-21 engine mounted on & single-cylinder engine for a
large range of engine and cooling conditions.

2. The pressure drop required for cooling a Pratt &
¥hitney R-2800-27 engine was determined with little error by means
of the ceooling equation of the single-cylinder engine with a cylinder
frem & Pratt & Wnitnsy R-2800-21 engine mounted on it. These pre~
dictions were made only afier establishing the relationship between
the hottest rear spark-plug temperature of the .multicylinder engine
and the rear spark-plug temperscture of the single-cylinder engine.

Aircraft BEngine Research Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Chio,
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. [ PPENDIX -
SYAN.CIS
ag outside~wall area of head {or barrel) of cylinder, sq in.,
(does not include rocker-tox surface)
37 internal-surface arsa of head {cr barrel) of cylinder, sq in.
B constant  (See equation (1).)
C constant  (See equation (L).)

Co constant  (See equation (R).)
cp specific heat of air at cogstant pressure, Rtu/(1b)(°F), 0.2h

F/h  fuel-air ratio

g acceleration of gravity, ft/(sec)?, 22.2

H heat transferred from cylinder hezd (cr barrel) to cooling air,
Btu/hr

I indicatzd horsepower peor cylinder

J mechanical cquivalent of heat, f£t-1b/Btu, 778

K constant  (See equation (1).)

K constant (See equation (3).)

Ep constant  (See equation (2).)

m consbant (exporent in equation (1))

m! constant (exponent in equation (3))

my, constant (exponent in ecguatior (h))

my'  constant (exronent in equation (5})

n constant (exponent in equations (L) and (5))

n' constant (exponent in equations (1) and (3))

P pressure of cooling air at ensine or cylinder face, in. Hg abs.

static pressure of air in free air stream, in. Hg abs.

T —————— v 2 T & £ e v e e e
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W

We

dynamic pressure of air in free air stream, in. Hg
temperature of cooling air at face of cylinder or engine, °F

average temperature over outside cylinder-harrel surface when
eqnilibrium is attained, °F

carburetor inlet-air temperature, °F
mezn effective gas temperature, °F

average temperature ovar outside cylinder-head surface when
equilibrium is attained, Of

maximum rear spark-plug temperature, °F

temperaturs of cooling air corrected for adiabatic compression
of air from free stream to engine face, °F abs.

T, - Léo, °F
dry effective inlet manifold temperature, °F
temperature of zir in free stream, OF abs.

- 160, °F

average of temperatures of rear spark plugs on multicylinder
engine or rsar spark-plug temperature of single-cylinder
engine, °F

over—all heat-transfer coefficient from outside cylinder wall
of engine to cooling air, based.on differcnce between average
cyllndcr temperature and inlet-cooling-zir temperature,

u/(kr)(sq in.)(°F)
tip speed of primery blower, fps
displacement volume of cylinder, cu in., 155.9
speed of airplane, mph

weight of cooling air passing over head (or barrel) of cyl-
inder, 1b/%ec

weight flow of charge air to engine, lb/éec, (for the single-
cylinder enginz of the present tests W, = weight of charge
to the cylinder x 18 to be comparable with the flow to the
P. & W. R-2800-27 engine)
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Wy  welght of cooling air flowing across multicylinder engine,
lb/sec, (for the single-cylinder engine Wiy = weight of
cooling air flowing acrogs head and barrel of cylinder X 18
to be comparable with P, & W, R-2800-27 engine cooling-air
flow)

z constant (exponent in equation (2))

p average Gensity of cooling air, (lb)(sec)z/ft4 (based on tem-
perabtures and pressures of cooling air before and behind
cylinder)

pi dersity of cooling air at face of cylinder or engine,
(1b)(sec)?/rt4

po density of air in free air stream, (lb)(sec)z/ft4

pgo Gensity of air at 29,92 in., Hg and 60° F, (lb)(sec)z/ft4

Ap cooling-pressure drop across cylinder or engine, in, water,
(includes loss cauvsed b7 expansion of air from exit of

baffle)

Ap, cooling-pressure drop across engine corrected for adiabatic
compression of air at face of engine, in. water

AT, increment of mean effective gas temperature, OF

A% increment of dry effective inlet manifold temperature, OF
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NACA, Fig. 6

Series 7 8-a 8-b 14 21
2 A <& m| +
Engine speed, rpm 2109 | 2108 | 2119 | 2097 | 2106
Brake mean effective pressure,lb/sq in} 232.81 137.9] 220.5] 135.9} 137.2
Fuel-air ratio 0.081} 0.082}10.082} 0.083! 0.083
Spark setting, deg B.T. . 20 20 20 20 20
Carburetor-air temperature, OF 76 80 78 84 80
Cooling-air temperature, °F 87 94 75 89 88
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Figore 6.- Variation of outside-wall heat-transfer coefficient
with weight of cooling air across cylinder.
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NACA Fig. 7
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Figure 7.- Variation of the effective gas temperature with fuel-
air ratio.
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SYMBOLS AND TABULATION

o Spark - |Carb.-air | Cooling~air App
o |Engine Fuel~ |setting,| temper- temper— —_,
E, speed, 'bmep3 . ai? B.T.C. ature, ature, Pso

(rpm) |(1b/sq in.)| ratio | (deg) Op Op (in. of water
O 2109 | 232.8 0.081 20 76 87 Varied
A} 2108 | 137.9 0.082 20 80 gk Varied
A | 2119 | 221.0 0.082 20 78 75 Varied
O | 2110 | Varied Varied | 20 gl &5 Varied
V| 2116 | 138.0° Varied | 20 8 91 11.1
O | 2123 | Varied ' | Varied | 20 g9 97 Varied
o | 2112 | Varied Varied | 20 g2 &5 Varied
N {Varied | Varied 0.085 .20 88 100 36.9
& 2097 135.9 0.083 20 gl 89 v:ariea
4| 2110 | Varied Varied 20 gL 92 Varied
D |Varied | Varied 0.081 20 82 95 36.7
4| 2114 | Varied Varied 20 80 90 Varied
X | 2108 |Varied Varied 20 80 89 Varied
4 | 2ror | 13m0 0.082 | 20 gl 97 Varied
© | 2100 | Varied 0.084% 20 g9 94 Varied
S| 2ok |.133.7 0.087 | 20° 85 oL Varied
Y | 210k | 133.7 0.087 " 20 85 9k Varied
* | 2093 | Varied 0,080 20 92 102 Varied
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Fig, 10
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Figure 11.- Comparison of single-cylinder and multicylinder effective gas

temperatures.
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NACA . Fig.
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Figure 12.- Variation of performance with engine speed.
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NACA Fig. 14
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Single-cylinder rear spark-plug temperature, T, Op
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NACA Fig. 16

Weight of combustion air, W, lb/sec
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Figure 16.- Relationship between charge-air weight and indicated
horsepower.
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